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ABSTRACT 
SONIA GYSLAND: The Relationship Between Subconcussive Impacts and Concussion 
History on Clinical Measures of Concussion in Collegiate Football Players 
(Under the direction of Kevin M. Guskiewicz, PhD, ATC) 
 
There is an estimated 1.6 to 3.8 million cases of mild traumatic brain injury that occur 
annually, demonstrating the need to better understand potential contributors to head injury, 
specifically exploring the nature of repetitive impacts sustained over time. The purpose was 
to determine whether there is a relationship between subconcussive impacts and previous 
history of concussion on clinical measures of concussion in collegiate football players over 
one football season. Forty-nine subjects were tested prior to and following the 2008 football 
season on clinical measures of concussion. Head impact data were also collected throughout 
the season to determine whether there is a relationship between cumulative impacts and 
neuropsychological performance, postural stability and presence of concussion-like 
symptoms. Negligible changes occurred from pre to postseason, and for the most part, were 
independent of previous history of concussion, and the total number, magnitude and location 
of impacts sustained over one football season. 
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CHAPTER I 
INTRODUCTION 
 
There is growing concern regarding how multiple concussions sustained throughout 
an athlete’s career may impact their long-term morbidity. Concussion has been defined as a 
traumatically induced alteration in neural function, which may or may not involve loss of 
consciousness (American Academy of Neurology 1997). Many studies demonstrate a dose-
response relationship between the number of previous concussions and risk of subsequent 
concussions suggesting a lowered injury threshold after sustaining multiple concussions 
(Rabadi and Jordan 2001; Cantu 2003; Guskiewicz, McCrea et al. 2003; Iverson, Gaetz et al. 
2004). Division I football players reporting a history of three or more previous concussions 
were three times more likely to have a new incident concussion than football players with no 
history of concussion (Guskiewicz, McCrea et al. 2003). Similarly, another study looked at 
the relationship between concussion history in high school athletes and the on-field 
presentation of symptoms after subsequent concussion and found that athletes with three or 
more previous concussions were more likely to experience on-field loss of consciousness, 
anterograde amnesia and confusion after a subsequent concussion (Collins, Lovell et al. 
2002). These findings are alarming due to the large number of concussions that are sustained 
each year by athletes. Even more concerning is that a large number of athletes return to play 
following a concussion without the appropriate management and treatment. This is often due 
to unreported symptoms, lack of appropriate return to play guidelines or simply because 
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people are uneducated about concussions and their negative consequences. It has been 
estimated that 1.6 to 3.8 million cases of mild traumatic brain injury (TBI) occur in sports 
and recreation each year in the United States (Langlois, Rutland-Brown et al. 2006). 
Additionally, recent data indicate that the game-related incidence rate in collegiate football 
has gradually increased from 2.90 to 3.91 concussions per 1000 athlete-exposures (Gessel, 
Fields et al. 2007).  
Concussion incidence is relatively high across all levels of athletic participation 
(Guskiewicz, Weaver et al. 2000; Pellman, Powell et al. 2004; Shankar, Fields et al. 2007) so 
the evidence for a cumulative effect of repeated concussions is concerning, but it has also 
raised increased awareness regarding risk of head injury. The cumulative effect of 
subconcussive impacts is an area of research that still needs further investigation and raises 
the question of whether chronic brain damage can occur over time resulting from the 
repetitive impacts sustained in football. Previous research in this area has looked at the effect 
of subconcussive impacts to the head in soccer players and boxers (Rabadi and Jordan 2001). 
Chronic traumatic brain injury, also known as dementia pugilistica or the “punch drunk” 
syndrome, has occasionally been used to describe the cumulative long-term neurologic 
consequences of repetitive concussive and subconcussive blows to the brain. This condition 
has previously been described primarily in boxing and may have similar implications with 
regard to other contact sports with predominance for repetitive head impacts such as football.  
Additional research has explored the potential for mild TBI resulting from the effect 
of repetitive soccer heading over time. Previous findings suggest that increased exposure to 
sports that involve blows to the head, as well as duration of participation and increasing level 
of competition, appear to increase one’s risk of chronic neurologic injury. Signs and 
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symptoms have been shown to involve motor, cognitive and/or behavioral impairments 
including impairment in attention, memory and executive/frontal function (Rabadi and 
Jordan 2001). These variables are often tested immediately following a sustained concussion 
in football and thus, may be tested to detect chronic neurologic injury as well. This 
investigation would be beneficial to determine whether subconcussive impacts sustained by 
football players result in any cumulative deficits in clinical measures of concussion such as 
neuropsychological measures, postural stability and symptomatology. Previous work has 
identified impacts exceeding theoretical thresholds for injury, in the absence of a concussion 
diagnosis, that do not result in any observable deficits in clinical measures of concussion 
(McCaffrey, Mihalik et al. 2007). While this study was among the first to study the acute 
effect of high magnitude and potentially injurious head impacts, it did not investigate 
recurrent head impacts and their effect on clinical measures of concussion.  
Current research suggests the cumulative effect of subconcussive head impacts in 
football players across one season of participation has little effect on clinical measures of 
concussion (Miller, Adamson et al. 2007). This study evaluated subjects pre-, mid- and 
postseason, and found no difference in neurocognitive measures as determined by the 
Standardized Assessment of Concussion (SAC) and Immediate Postconcussion Assessment 
and Cognitive Test (ImPACT). However, this study used Division III football players as test 
subjects, and looked at the change in cognitive test scores only, neglecting measures of 
postural stability and symptoms. They were also unable to truly measure the magnitude of 
head impact accumulation and based impact quantities and magnitudes on estimations from a 
previous study that was done on NFL football players. Since the investigators in the study did 
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not objectively measure head impacts sustained by players in their sample, any direct 
interpretation of their findings should be done with caution.   
No study has previously looked at the relationship between repetitive subconcussive 
head impacts and resulting clinical measures of concussion while monitoring sustained 
impacts throughout the course of a football season. Therefore, the objective of this project is 
to study the relationship of subconcussive head impacts and previous history of concussion 
on clinical measures of concussion over the course of a Division I Football Bowl Subdivision 
(FBS) team’s football season, while looking at potential contributors of neurological deficit 
according to number, magnitude and location of impacts, as well as the number of previous 
concussions.   
Variables 
Independent Variables 
1. Total number of impacts 
2. Total number of impacts >90 g 
3. Total cumulative magnitude of impacts 
4. Total number of impacts to top of the head 
5. Number of previous concussions within past 5 years 
Dependent Variables 
1. Change scores on the clinical measures of concussion 
a. Automated Neuropsychological Assessment Metrics (ANAM):  
i. Simple Reaction Time 1 Throughput Score 
ii. Simple Reaction Time 2 Throughput Score 
iii. Mathematical Processing Throughput Score 
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iv. Match to Sample Throughput Score 
v. Procedural Reaction Time Throughput Score 
vi. Code Substitution Throughput Score 
vii. Memory Search Throughput Score 
b. Standardized Assessment of Concussion (SAC) 
i. Orientation Score 
ii. Immediate Memory Score 
iii. Concentration Score 
iv. Delayed Recall Score 
v. SAC Total Score 
c. Sensory Organization Test (SOT) 
i. Visual Score 
ii. Somatosensory Score 
iii. Vestibular Score 
iv. Composite Score 
d. Balance Error Scoring System (BESS) 
i. BESS Total Score 
e. Graded Symptom Checklist (GSC) 
i. GSC Total Symptom Severity Score 
ii. GSC Total Symptom Number Score 
Research Question 
1. Is there a relationship between change scores on clinical measures of concussion 
(ANAM, SAC, SOT, BESS, and GSC) and the total number of impacts, the total 
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cumulative magnitude of impacts, the total number of impacts >90 g, the total number of 
impacts to the top of the head, and the number of previous concussions in Division I 
collegiate football players following one football season? 
Research Hypothesis 
1. There is a positive relationship between change scores on clinical measures of concussion 
(ANAM, SAC, SOT, BESS, and GSC) and the total number of impacts, the total 
cumulative magnitude of impacts, the total number of impacts >90 g, the total number of 
impacts to the top of the head, and the number of previous concussions in Division I 
collegiate football players following one football season, resulting in greater deficits in 
neuropsychological performance, mental status, postural stability, and an increased 
presence of symptoms on the graded symptom checklist with increased number of 
impacts, cumulative magnitude of impacts, number of impacts >90 g, increased impacts 
to the top of the helmet, and an increased number of previous concussions.  
Statistical Hypotheses 
Null 
1. There is no relationship between change scores on clinical measures of concussion 
(ANAM, SAC, SOT, BESS, and GSC) and the total number of impacts, the total 
cumulative magnitude of impacts, the total number of impacts >90 g, the total number of 
impacts to the top of the head, and the number of previous concussions in Division I 
collegiate football players following one football season. 
Alternative 
1. There is a relationship between change scores on clinical measures of concussion 
(ANAM, SAC, SOT, BESS, and GSC) and the total number of impacts, the total 
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cumulative magnitude of impacts, the total number of impacts >90 g, the location of 
impacts and previous history of concussion in Division I collegiate football players 
following one football season, resulting in lesser deficits in neuropsychological 
performance, mental status, postural stability, and a decreased presence of symptoms on 
the graded symptom checklist with increased number of impacts, cumulative magnitude 
of impacts, number of impacts >90 g, increased impacts to the top of the helmet, and an 
increased number of previous concussions. 
Operational Definitions 
1. Subconcussive impact was defined as an impact that does not result in a concussion 
diagnosis, does not result in time-loss of participation in practice or games and does not 
result in concussion related symptoms that linger for a prolonged period of time. These 
symptoms may include: headache, dizziness, confusion, memory impairment, attention 
deficit, loss of consciousness, personality changes, functional language deficits or 
sensitivity to light (Bernstein 2002).  
2. Concussion  was defined as an injury resulting from a blow to the head causing an 
alteration in mental status and one or more of the following symptoms: headache, nausea, 
vomiting, dizziness/balance problems, fatigue, difficulty sleeping, drowsiness, sensitivity 
to light or noise, blurred vision, memory difficulty, and difficulty concentrating 
(American Academy of Neurology 1997; Kelly and Rosenberg 1997; McCrea, 
Guskiewicz et al. 2003). Criteria contributing to the identification of a player with a 
concussion also includes the observed mechanism of injury (eg, acceleration or rotational 
forces applied to the head), symptoms reported or signs exhibited by the player, and 
reports by medical staff or other witnesses regarding the condition of the injured player. 
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3. Previous History of Concussion was defined as sustaining a concussion that was 
diagnosed by a physician and/or resulted in time-loss for at least one full day of practice 
or participation in a game that occurred within the past five years (Vanderploeg, Curtiss 
et al. 2005)  
4. Change Score was defined as the difference between baseline and postseason test scores 
on each of the concussion measures. The baseline score was subtracted from the 
postseason score. 
5. Division I Football Bowl Subdivision (formerly Division I – A) was the particular 
division within the NCAA that UNC – Chapel Hill’s football team is a member of. 
Schools in the Division I Football Bowl Subdivision must meet certain requirements such 
as a minimum of 15,000 people in attendance for each home game as an average every 
other year. They are also eligible to compete in postseason bowl games including the 
Bowl Championship Series which teams in the Division I Football Championship 
Subdivision (Division I-AA) are not automatically eligible for. 
Assumptions 
1. Subjects were similar to the general population of Division I Football Bowl Subdivision 
collegiate football players.  
2. Subjects were no different from their teammates who chose not to participate in the 
current study conducted by Guskiewicz et al.  
3. Subjects performed to the best of their ability on each of the concussion measures. 
4. The Head Impact Telemetry (HIT) System accurately recorded impact data. 
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Delimitations 
1. Inclusion of only male, Division I Football Bowl Subdivision collegiate UNC-CH 
football players. 
2. Age range of 18-23 years of age due to the college age population. 
3. Inclusion of only our selected test measures (ANAM, SAC, SOT, BESS, GSC). 
4. Postseason testing delimited to three days following completion of the subject’s 
participation in the last game or last day of participation during the regular season.  
Limitations 
1. Sample limited to UNC-CH Division I Football Bowl Subdivision football players who 
were currently enrolled in the study by Guskiewicz et al. 
2. Impact data was only collected over the course of one season due to time constraints and 
extraneous variables from data if past seasons were used.  
3. Unable to track all head impacts sustained by subjects that extended beyond the scope of 
this current study (from the beginning of subjects’ collegiate football career to the end). 
4. Use of the self-report GSC required accurate reporting by the subjects. 
5. Unable to guarantee accurate past history of concussion. 
6. Subjects may have not performed to the best of their ability if there was lack of 
motivation to perform well. 
7. No exclusion of subjects with learning disabilities, ADD or ADHD due to a limited 
sample population. All subjects with any conditions listed above or who were taking 
medications were recorded.  
8. Amount of participation and exposure could not be controlled for between subjects. 
CHAPTER II 
REVIEW OF THE LITERATURE 
 
 Mild TBI has an estimated annual incidence of 160 to 375 cases per 100,000 persons 
and is considered to be a major public health issue (Krauss, Trankle et al. 1996). 
Additionally, it is estimated that there are 1.6 to 3.8 million cases of TBI that occur annually 
(Langlois, Rutland-Brown et al. 2006). These numbers cause reason for concern as athletic 
participation continues to increase each year, and as more information is discovered 
regarding the potentially severe consequences that can result from traumatic brain injuries. 
Sport-related concussions are often a result of collisions that occur in contact sports such as 
hockey, wrestling and football. Recent epidemiological and prospective clinical studies 
estimate that approximately 3 to 8 percent of high school and collegiate football players 
sustain a concussion each season (Lovell and Collins 1998; Collins, Grindel et al. 1999; 
Guskiewicz, Weaver et al. 2000).  
Football is a high-velocity collision sport in which acute and potentially severe 
injuries are common and thus, tends to have one of the highest injury rates in sports. It is 
widely known that sport-related concussion is prevalent in football and subsequently has 
given rise to determining the most effective methods of prevention, management, and 
treatment of mild TBIs. Efforts have been made to identify risk factors that may predispose 
athletes to concussion, advances in equipment are ongoing to increase protective safety, and 
rule changes have even been mandated in hopes of reducing risk of traumatic brain injury.
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Mild TBIs have been the source of much ongoing research in hopes of better 
understanding the mechanism of injury, biomechanics, pathophysiology, proper evaluation 
and assessment, and recovery for sport-related concussions. When there is a better 
understanding of how the brain is injured and what is actually occurring during a given 
concussive impact, there may be improvements in the evaluation and treatment of the injured 
individual. Current research has shown that previous history of concussion can increase the 
risk of subsequent head injury and potentially lower the theoretical threshold for injury 
tolerance (Guskiewicz, Marshall et al. 2005). Other sport-related concussion research has 
explored the question of repetitive head impacts that do not result in concussion but could 
potentially result in neurocognitive deficits and the development of concussion related 
symptoms over time in activities such as heading in soccer (Delaney, Lacroix et al. 2002). 
These research questions give rise to the possibility of a cumulative effect of head impacts in 
football that do not result in concussion but have the potential to cause chronic traumatic 
brain injury over time, resulting in deficits in clinical measures of concussion such as 
neuropsychological tests, postural stability and number of concussion related symptoms.  
Much of the research involving sport-related concussion has been inconsistent due to 
methodological differences, small sample sizes, and the absence of a universal definition of 
concussion as well as uniform assessment techniques. The review of the following literature 
will help to clarify the background in concussion research, identifying the prevalence, 
mechanism, biomechanics and pathophysiology of mild TBI, in addition to exploring 
concussion related symptoms, assessment and evaluation. The review will also look at 
previous research regarding the cumulative effect of concussive and subconcussive head 
impacts on athletes to illustrate the need for ongoing research in this area. 
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Epidemiology of Concussion 
Football is one of the more popular sports in the United States with over 60,000 
collegiate male athlete participants and over one million high school male athlete participants 
in the year 2005. Furthermore, participation in high school football has been steadily 
increasing with more than 100,000 additional participants in the last ten years, resulting in a 
12.2 percent increase (Shankar, Fields et al. 2007). However, football is also the leading 
cause of sports-related injuries with an injury rate twice that of basketball, the second most 
popular sport, in high school athletics (National Federation of State HS Federation, 2005-06). 
The annual national estimate of mild TBIs among high school sports is 62,816 cases, with 
football accounting for nearly 63% of the injuries (Powell and Barber-Foss 1999). Likewise, 
football has the highest absolute number of concussions each year as a result of the contact 
nature of the sport and the large volume of participants at both the high school and collegiate 
levels (Powell and Barber-Foss 1999; Field, Collins et al. 2003).  
In addition to looking at concussion incidence there has also been an interest in 
exploring the differences in concussion rates between different levels of football, position 
type and event type. Many epidemiological studies have compared high school and collegiate 
football concussion incidence. In general, the overall rate of concussion has been found to be 
higher in collegiate football than in high school football in both games and practices (Gessel, 
Fields et al. 2007; Shankar, Fields et al. 2007). However, concussions comprised a greater 
proportion of total injuries sustained by high school football athletes than by college football 
athletes in one study looking at incidence over the 2005-2006 school year (Gessel, Fields et 
al. 2007). Concussion rates were also found to be higher during games than practices at both 
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the high school level and the collegiate level (Gessel, Fields et al. 2007; Shankar, Fields et al. 
2007). 
One study found that over 16 years of collegiate football data, concussions accounted 
for 6.8% of all injuries that occurred in games, 5.5% of all injuries that occurred in fall 
practice, and 5.6% of all injuries that occurred in spring practice. When standardized by 
frequency, the game injury rate was eleven times higher than the fall practice rate. This has 
been commonly found due to the increased intensity level and speed that generally occur in 
games when compared to practices. This increases the magnitude of collisions and thus, 
increases the risk of concussive injury. Additionally, most player-to-player contact is higher 
during games when compared to the amount that occurs in regular season practices (Shankar, 
Fields et al. 2007). Epidemiologic data that suggested increased injury rates during spring 
practices and preseason practices when compared to fall practices supported the 
implementation of spring season and preseason rules regarding an acclimatization period in 
an effort to reduce injury rates. In 1997, in an attempt to decrease the injury rate discrepancy 
between fall and spring football, the NCAA Committee on Competitive Safeguards and 
Medical Aspects of Sports recommended changes in spring practices that limited the amount 
of full-team, full-contact practice. Of the 15 practices allowed for spring football, three are 
mandated to be non-contact, with helmets being the only allowable protective equipment. 
The first two practices must be non-contact while the third non-contact practice must be 
among the rest of the 15 practices. Of the 12 permissible contact practices, eight may involve 
tackling and no more than three of the eight tackling sessions may be devoted primarily to 
scrimmages. After the rule change, there was a statistically significant decline in the rate of 
spring practice injuries in NCAA collegiate football (Dick, Ferrara et al. 2007).  
 14 
 The other major rule change was the 5-day acclimatization period for preseason 
football that went into effect in the 2002-2003 season. The rule stated that during the first 
five days of practice, athletes shall not engage in more than one on-field practice per day, not 
to exceed three hours in length. During the first two days of the acclimatization period, 
helmets are the only piece of protective equipment athletes may wear. During the third and 
fourth days, helmets and shoulder pads may be worn, and during the final day of the 5-day 
period and on any days thereafter, athletes may practice in full pads. However, after the 5-
day acclimatization period, there may not be multiple on-field practice sessions on 
consecutive days. Only one season of data was able to be collected with this new rule in 
effect and was insufficient for comparison of injury rates before the rule was instated (Dick, 
Ferrara et al. 2007).  
Finally, one study found full-contact practice and a helmets-only practice to have 
significantly higher magnitudes than those in games or scrimmages. There was no significant 
difference between helmets-only and full-contact practice, however this finding is surprising 
given that most concussive injuries have been shown to occur in games. 
 There has been a trend found among most studies that increased incidence of 
concussion is generally associated with increased level of competition in football. This is 
demonstrated by the previous studies mentioned, as well as by a study that compares middle 
school football players to high school football players. This study demonstrated increased 
incidence of concussion in the high school football players when compared to the middle 
school football players. It is thought that as players become stronger and more skilled, the 
level of competition and the resulting increased intensity generates an increased risk of 
injury.  However, in a recent study, only small differences in impact magnitude were noted 
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between high school and college football players. Thus, the higher rates of concussion at the 
collegiate level may stem from the intensity of play leading to a greater number of impacts 
rather than a greater force of impact. This has implications to the potential cumulative effect 
of head impacts and its effect on lowering a theoretical injury threshold.  
 Many studies have also looked at the incidence of concussion among position type 
and type of play but there have been largely inconsistent results. This can be attributed to the 
small sample sizes in some of the studies as well as the methodology employed. Some 
studies were retrospective in nature and employed the use of self-report questionnaires. This 
manner of collecting data is often unreliable and makes it difficult to compare against other 
studies that were prospective in nature and had team physicians documenting concussion 
incidence as it occurred.  
When looking at position type, most studies found running backs and linebackers as 
the positions that most commonly sustained a concussion (Pellman, Powell et al. 2004; 
Gessel, Fields et al. 2007). Another study found that offensive positions sustained the highest 
number of concussions with quarterbacks sustaining 28% of concussions and running backs 
sustaining 17% of concussions. The defensive player with the highest number of concussions 
was the defensive back sustaining 14% of total concussions. Quarterbacks were found to 
have the highest relative risk of concussion in the NFL with 1.62 concussions per 100 game 
positions, followed by wide receivers with 1.23 concussions per 100 game positions and 
defensive secondaries with 0.93 concussions per 100 game positions. Quarterbacks were said 
to be at greatest risk for concussion as they are relatively immobile, slower moving players 
who are struck at a high velocity by other players, often times unaware of the oncoming hit. 
Concussions were also found to be more often associated with tackles (60.5%) than blocks 
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(29.5%), and the majority of concussions involved a strike by another player’s helmet 
(67.7%) in the NFL. The highest frequency of concussion injury occurred in passing plays 
(35.8%), followed by rushing plays (31.3%), kick-offs (15.9%), and punts (9.5%). When 
injury rates per 1000 plays in regular season games were considered, the relative risk of 
concussion in kick-off plays was more than four times the risk in rushing and passing plays. 
Thus, kick-offs and punts were associated with significantly higher injury rates than were 
rushing and passing plays (Pellman, Powell et al. 2004).  
In studies looking at concussion incidence in high school athletes, concussions most 
frequently occurred during rushing plays. There were 49.8% of concussions sustained in 
practice during rushing plays, while 57.9% of concussions sustained in games occurred 
during rushing plays (Gessel, Fields et al. 2007; Shankar, Fields et al. 2007). High school 
athletes may have a higher chance of sustaining a head injury due to the fact that high school 
teams tend to run the ball more and pass less. They may also be more at risk compared to 
higher level athletes because they are less skilled in tackling and blocking techniques 
(Gessel, Fields et al. 2007).  
Mechanism of Injury for Mild TBI 
 The most common way that football players sustain a mild TBI is by an acceleration-
deceleration force. Acceleration-deceleration forces imparted to the head lead to a complex 
series of biomechanical and physiological phenomena. The loading of force is initiated by 
static or dynamic forces. Most concussions are believed to be a result of dynamic loading. 
With a sudden, abrupt change in direction, the brain continues to move within the skull and 
results in a forceful collision against the inside of the skull. The result of this force is said to 
cause stretching and shearing of nerve fibers, ultimately causing axonal damage 
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(Echemendia, Putukian et al. 2001; Giza and Hovda 2001). It has been shown that the brain 
will suffer less axonal disruption if the impact is applied at a slower rate. One study proposed 
that the brain appears to tolerate sagittal movements best and is most vulnerable to lateral 
movements (Echemendia, Putukian et al. 2001) while another study looked at the effect of 
acceleration-deceleration forces to the skull and found impairments just as prevalent as 
lateral movements, if not more so. This impact loading either from more of a direct impact or 
an acceleration-deceleration force results in the initiation of a cerebral and metabolic 
cascade, which is described as a pathophysiological response as a result of trauma to the 
brain (Giza and Hovda 2001).   
Biomechanical mechanisms of concussion sustained in sports can be divided into 
three basic mechanisms. Already mentioned was the acceleration-deceleration or tensile 
force which would be an example of a moving head hitting a non-moving object. The second 
basic mechanism is a compressive force which can be described as a stationary hit with a 
forceful blow. A direct impact to the cranium resulting in mild TBI will cause disruption of a 
delicate balance of neurotransmitters in the brain. The last mechanism is a shearing or 
rotational force which can be characterized as the head being struck parallel to its surface. 
The movement of the brain causes microscopic tearing and bleeding within the various layers 
of the cerebral mater (Barth, Freeman et al. 2001; Echemendia, Putukian et al. 2001). 
Most studies have found that the most common mechanism of injury in sustaining a 
concussion has been via contact with another player (Dick, Ferrara et al. 2007; Gessel, Fields 
et al. 2007). Non-contact injury mechanisms were also found to result in concussion in some 
football players but were less than half as frequent as the player-contact mechanism (Dick, 
Ferrara et al. 2007). As mentioned previously, quarterbacks were found to have the highest 
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risk of concussion at the professional level. This is most likely due to the fact that 
biomechanical data indicate that the high velocity of the striking defensive player is 
transferred to the struck player, the quarterback, causing large changes in velocity and 
acceleration of the quarterback’s head. This often occurs when the quarterback is unaware of 
the approaching player (Pellman, Powell et al. 2004).  
The mechanism of injury of sustaining a concussion was also said to be in part due to 
the magnitude and direction of the force imparted on the brain. There have been studies that 
investigated real time impact data via accelerometers placed in participant’s helmets and 
recorded the magnitude and location of impacts relative to the head. Two similar studies that 
measured head impacts not resulting in concussion found averages of peak linear acceleration 
to be 32 ± 25 g and 21-23 ± 1.79 g respectively (Duma, Manoogian et al. 2005; Mihalik, Bell 
et al. 2007). The discrepancy between these values is likely due to methodological 
shortcomings. The latter of the two accelerations has a much smaller standard deviation and 
is therefore more representative of an accurate peak linear acceleration value for head 
impacts. The former has a large standard deviation of ± 25 g resulting from taking means and 
standard deviations from a severely skewed distribution of individual impacts. Additionally, 
other studies recorded impact data that resulted in concussion and found a peak linear 
acceleration of 81 g for one sustained concussion, and an average magnitude of 102.8 g for 
13 concussed individuals, ranging from 60.51 g to 168.71 g (Duma, Manoogian et al. 2005) 
(Guskiewicz, Mihalik et al. 2007).  
While information on impact data began to grow, researchers started developing 
theoretical threshold levels of injury. One researcher originally proposed that concussion 
resulted from a blow to the head equivalent to a linear acceleration that was 80-90 times the 
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force of gravity for more than 4ms (Hugenholtz and Richard 1982). Another researcher posed 
a theoretical threshold of 70-75 g, however there have been many instances in which a 
concussion resulted from an impact that was below these theorized thresholds. One study 
observed two concussions in the low 60 g range while the majority of the rest of the 
concussions were a result of impacts greater than 80 g (Guskiewicz, Mihalik et al. 2007). 
Additionally, one study found that less than 0.35% of impacts sustained greater than the 
theoretical threshold for concussion set at 80 g, actually resulted in concussion (Mihalik, Bell 
et al. 2007). Discrepancies between these values can be attributed to differing methodologies 
used across studies. Some impact data was reconstructed in a lab using data collected from 
video capture of live impacts, while other impact data was collected using a head impact 
telemetry system to collect actual real-time data which removes a lot of uncertainty and 
confounding variables allowing for more accurate data collection.  
However, real-time data has also captured concussive impacts at a lower magnitude 
level of 60 g thus, threshold for injury may be lower than originally predicted. It has also 
been hypothesized that concussions resulting from relatively lower magnitude impacts may 
be a result of a lowered threshold of injury due to previous history of concussion or an 
accumulation of subconcussive trauma over time (Guskiewicz, Mihalik et al. 2007). 
Subsequently, concussions sustained at lower magnitudes possibly suggest the potential 
cumulative effects of head impacts but it is also likely that other unidentified factors leading 
to potential injury exist.  
Finally, location of head impacts is also a factor in mechanism of injury for 
concussion. Conclusive data is yet to be demonstrated, however, trends in previous studies 
have shown that players were 6.5 times more likely to sustain an impact greater than 80 g to 
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the top of the head than to the sides of the head. Nearly half of the concussions in this study 
resulted from impacts to the top of the head, suggesting that top-of-helmet impacts may 
result in a higher rate of concussion than other locations (Mihalik, Bell et al. 2007). In this 
particular study, top-of-helmet impacts resulted in some of the larger postural stability 
deficits when compared to other concussed individuals sustaining head impacts to other 
locations. This could be due to acute disruption of axonal pathways in regions of the brain 
responsible for controlling postural stability. This may occur with impairment of brain 
centers that are responsible for central integration of vestibular, visual and somatosensory 
information (Guskiewicz, Mihalik et al. 2007). 
Pathophysiology 
The trauma induced to the brain imparted from the mechanism of injury causes a 
chain reaction on the cellular level. Maximum dysfunction in the brain is seen within the first 
three days following the impact and scores on neuropsychological tests are the lowest. The 
impact or acceleration-deceleration forces that cause the temporary displacement of the brain 
begins the sequelae of events known in literature as the cerebral metabolic cascade 
(Echemendia, Putukian et al. 2001; Giza and Hovda 2001). A disruption of numerous 
neurons and capillary damage has been seen in various studies (Bailes and Hudson 2001). 
Axonal stretching as a result of the acceleration-deceleration forces triggers a release of 
neurotransmitters (Grindel, Lovell et al. 2001). An immediate release of neurotransmitters, 
particularly acetylcholine, causes the depolarization of neurons. This depolarization causes 
an imbalance in the sodium-potassium pump. There is an efflux of potassium, caused by 
glutamate, and an influx of calcium (Bailes and Hudson 2001). This disruption of the 
sodium-potassium pump causes the cells to work twice as hard. An increase in ATP causes 
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an increase in glucose which creates a hypermetabolic state and diminished cerebral blood 
flow. Increased glucose levels can remain elevated for four hours in certain areas of the brain 
Research has also demonstrated in animal models that cerebral blood flow remains 
diminished for up to 10 days following concussion (Giza and Hovda 2001). This coincides 
with the 7 to 10 day period of increased susceptibility to subsequent concussion following 
initial injury found in one study (Guskiewicz, McCrea et al. 2003).  
Symptomatology 
 Variations of the definition of concussion or mild TBI are common and result in 
inconsistencies in research. Previously, definitions appeared to be centered around the 
presence of loss of consciousness (LOC) or retrograde or anterograde amnesia. Now it is 
apparent that LOC and amnesia are not as characteristically inherent to concussions as once 
thought and the revised definitions have reflected this. Currently, many definitions have 
removed the LOC requirement for example: “an alteration of consciousness or mental status” 
(McCrea, Guskiewicz et al. 2003) or a “traumatically induced alteration in neural function, 
which may or may not involve loss of consciousness” (Pellman, Powell et al. 2004). In the 
initial year of a six year study in the NFL, the research committee recognized a need to 
develop an all-inclusive definition of mild TBI so that all team physicians and athletic 
trainers could easily recognize the symptoms of reportable injuries. This broad definition 
reported mild TBI to be characterized by an “altered mental state regardless of duration 
and/or altered memory, regardless of duration or content, that resulted from trauma and 
occurred in an NFL practice or game” (Pellman, Powell et al. 2004). This definition 
eventually was expanded to be more specific after the first year of the study and mild TBI 
became defined as “a traumatically induced alteration in brain function, manifested by 1) 
 22 
alteration of awareness or consciousness, including but not limited to being dinged, dazed, 
stunned, woozy, foggy, or amnesic or, less commonly, being rendered unconscious or 
experiencing seizures, and 2) signs and symptoms commonly associated with postconcussion 
syndrome, including persistent headaches, vertigo, lightheadedness, loss of balance, 
unsteadiness, syncope, near syncope, cognitive dysfunction, memory disturbances, hearing 
loss, tinnitus, blurred vision, diplopia, visual loss, personality changes, drowsiness, lethargy, 
fatigue and inability to perform usual daily activities” (Pellman, Powell et al. 2004). This 
definition is clearly much more specific and was an extension of an earlier definition 
proposed by the Ad Hoc Committee to Study Head Injury Nomenclature of the Congress of 
Neurological Surgeons. They defined concussion as a “clinical syndrome, characterized by 
immediate transient impairment of neural function such as alteration of consciousness, 
disturbance of vision, equilibrium, etc, due to mechanical forces” (Congress of Neurologic 
Surgeons). Definitions became more specific, functional and consistent when they included 
concussion-related symptoms as criteria.  
 The presence of concussion related symptoms have often been used as a benchmark 
for when to make return to play decisions, which has been characterized as one of the most 
challenging tasks of any sports medicine clinician (Guskiewicz, Mihalik et al. 2007). There 
have been many studies looking at the rate of recovery of concussed individuals based on 
their return to baseline scores in neurocognitive and postural stability function, as well as 
reduction in symptoms. Headache has consistently been found to be the most commonly 
reported symptom following concussion (Delaney, Lacroix et al. 2002; Pellman, Powell et al. 
2004; Gessel, Fields et al. 2007) followed by confusion, dizziness, and blurred vision in 
varying rank depending on the respective study (Delaney, Lacroix et al. 2002; Pellman, 
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Powell et al. 2004; Gessel, Fields et al. 2007). Determining the presence of these symptoms 
and tracking their duration has become essential in making return to play decisions.  
Evaluation and Assessment 
 The National Athletic Training Association (NATA) has published position 
statements to guide practitioners in the recognition and management of sport-related 
concussion. The general standard for management of concussion includes a physical 
assessment and evaluation, including a neurologic exam, imaging studies, assessment of 
concussion related self-report symptoms, measure of cognition and balance, and an 
exertional testing program before returning to play (Dick, Ferrara et al. 2007). It has been 
determined through research that athletes sustaining concussion have displayed deficiencies 
in neurocognitive functioning such as attention, memory, concentration and information 
processing as a result of cerebral concussion. Areas in the brain disrupted by concussion have 
also been reported to be responsible for maintenance of postural equilibrium (Guskiewicz, 
Ross et al. 2001). Various concussion-related symptoms have been attributed to specific 
brain functions and thus serve as a measure of brain function and mental status (Pellman, 
Powell et al. 2004). Thus, neurocognitive measures, postural stability and concussion-related 
symptoms have been proposed as means by which to objectively assess concussion.  
Methodological Considerations 
Mild TBIs are commonly assessed using a battery of tests that evaluate 
neurocognitive functioning, postural stability and self-report symptoms. The results of these 
tests are beneficial in measuring the status of a concussed individual and are helpful in 
guiding return to play decisions. These tests have been used to measure the effects of 
concussion. Most of these tests have been validated as measures that reflect traumatic brain 
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injury. It is our intent to determine whether repetitive subconcussive trauma occurs over the 
course of one football season and if that trauma is distinguishable by these same concussion 
measures.  
Neuropsychological and Mental Status Assessment 
Many neuropsychological assessments have been developed over the years to 
evaluate concussion. Some are computerized while others are more simplified, but many 
have not been sufficiently validated.  
 The ANAM computerized test battery that assesses neurologic function is becoming 
common in tracking recovery of a concussed individual when compared to a preseason 
baseline score. The ANAM includes two Simple Reaction Time Tests, Math Processing 
which measures mental processing speed and mental efficiency, Matching to Sample which 
measures visual memory, Procedural Reaction Time which measures reaction time and 
working memory, Code Substitution which measures delayed memory, and the Sternberg 
Procedure which measures working memory (Cernich 2007). This test has been shown to be 
valid against other traditional neuropsychological measures by some researchers (Barr and 
McCrea 2001; Echemendia, Putukian et al. 2001; Cernich 2007), but has also been refuted by 
others (Randolph, McCrea et al. 2005). Learning effects have been found with serial testing 
using the ANAM battery that may result in a false sense of improvement in scores 
(Echemendia, Putukian et al. 2001; Grindel, Lovell et al. 2001).  
One study evaluating the accuracy of postural stability measures was not able to 
identify any published data on measures of reliability for ANAM. However, they did find 
that practice effects do occur with multiple measures within this battery and that the ANAM 
is generally lacking in sensitivity. Two previous studies have explored the relationship 
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between the ANAM and standard neuropsychological tests of cognitive processing speed, 
executive functions, and working memory. The results support the construct validity of the 
ANAM in the measurement of these cognitive domains (Bleiberg, Kane et al. 2000; 
Gottschalk, Bechtel et al. 2000).  
While studies have shown validation, it is important to keep in mind that the 
neuropsychological test results need to be evaluated in terms of practice effects with specific 
consideration to the nature of the test, the time period of testing and how many times the 
subject is tested (McCaffrey, Mihalik et al. 2007). Previous literature has shown that several 
steps are necessary to validate a neurocognitive battery for use in the management of sport-
related concussion. They include the following: (1) establish test-retest reliability (stability); 
(2) establish sensitivity; (3) establish validity; (4) establish reliable change scores and an 
algorithm for classifying impairment; and (5) determine clinical utility (eg, detection of 
impairment in the absence of symptoms) (Randolph, McCrea et al. 2005).  
The most completely studied and well validated of these is the Standardized 
Assessment of Concussion (SAC) (CNS Inc, Waukesha, WI), which takes approximately five 
minutes to administer. Sensitivity, reliability, and change-score analyses of the SAC data 
have been reasonably well explored (Randolph, McCrea et al. 2005). However, the SAC is a 
relatively cursory neurocognitive screening tool with ceiling effects that potentially limit its 
usefulness in detecting subtle changes in neurocognitive functions due to concussive brain 
injury. However, the primary role of this type of instrument is to be used as one component 
in decision making regarding same day return-to-play (Randolph, McCrea et al. 2005). This 
is attributed to ease as a common sideline measurement to help determine an athlete’s mental 
status after receiving a concussive impact. This test measures neurocognitive components 
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such as immediate memory, orientation, concentration and delayed recall (Miller, Adamson 
et al. 2007). It must first be assessed as a preseason baseline measure to have a relative 
comparison for the athlete’s mental status post-injury.  A study looking at the presence of 
practice effects  revealed no practice effect with the SAC (Valovich, Perrin et al. 2003). 
Postural Stability 
Multiple studies, using both force plate technology and less sophisticated clinical 
balance tests, have identified postural stability deficits lasting several days following sport-
related concussion (Guskiewicz, Ross et al. 2001; Guskiewicz 2003; Peterson, Ferrara et al. 
2003; Loughran, Tennant et al. 2005). It appears that postural stability testing provides a 
useful tool for objectively assessing the motor domain of neurologic functioning, and should 
be considered a reliable and valid adjunct to the assessment of athletes suffering from 
concussion (Guskiewicz 2003).  
 Athletes recovering from cerebral concussion demonstrated postural stability deficits 
most likely linked to a sensory interaction problem that prevents concussed athletes from 
accurately using and exchanging sensory information from the visual, vestibular and 
somatosensory systems during the immediate post-injury period (Guskiewicz, Ross et al. 
2001). Postural stability has commonly been measured by the Sensory Organization Test 
(SOT), one of the test batteries of the NeuroCom, and the Balance Error Scoring System 
(BESS). These particular clinical measures of concussion are believed to provide more 
sensitive measures of the subtle outcomes associated with concussion and therefore, are the 
measures commonly chosen to detect differences in postural stability. Posturography, such as 
the NeuroCom System also allows for identification of individual neurologic system 
contributions to postural control such as vestibular, visual and somatosensory systems. The 
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Sensory Organization Test is used to assess balance performance using entry-level baseline 
screening each year and is then used following a sustained concussion to gauge recovery. 
Previous testing has shown concussed athletes’ performance on balance tests return to 
baseline levels between 3-10 days post injury (Peterson, Ferrara et al. 2003). The reliability 
and validity of the SOT in determining balance decrement has been shown for a variety of 
neurologic conditions (Guskiewicz, Ross et al. 2001; Peterson, Ferrara et al. 2003).  
The BESS is anther common measurement tool used to test postural stability of 
athletes following concussion. This measure is also administered at time of entry and 
following concussion, often times as an initial screening tool administered on the sideline. 
The BESS has been determined to be a practical, valid, and cost-effective method of 
objectively assessing postural stability in athletes suffering from concussion. Previous 
findings have demonstrated a significant relationship between the SOT and BESS scores 
(Riemann 2000; Guskiewicz, Ross et al. 2001). Researchers have previously found a slight 
practice effect with repeated administrations of the BESS, especially with the single-leg 
stance on foam. Clinicians must acknowledge the potential for practice effects when re-
administering these concussion assessments to track recovery of an athlete or as a guide in 
return-to-play decision making (Valovich, Perrin et al. 2003). 
A study looking to test the inter-observer reliability of assessing postural stability and 
comparing scores to computerized posturography found that experienced observers appear to 
be able to detect abnormal sway during static balance and have a high level of agreement 
when compared with computer analysis (Loughran, Tennant et al. 2005). Thus, experienced 
observers evaluating postural sway using the BESS should have comparable results to those 
that come from the SOT.   
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Symptomatology 
The GSC is used as another measure in conjunction with the postural stability and 
neurocognitive measures to assess concussion and should not be used as the only basis with 
which to return an individual to play. Football players commonly underreport symptoms due 
to fear of decreased playing time or because of a cultural mentality that expects them to be 
tough and play through any discomfort (Collins, Lovell et al. 2002; McCrea, Guskiewicz et 
al. 2003). A study conducted among Canadian football players found that slightly less than 
half of the players had suffered the symptoms of a concussion during the season but only 
18.8% had realized that they had a concussion, while the rest went undocumented until they 
completed a retrospective questionnaire (Delaney, Lacroix et al. 2002). Previous studies that 
tracked the recovery of concussion-related symptoms using the GSC found that symptoms 
gradually resolved within seven days of initial injury (McCrea, Guskiewicz et al. 2003). 
Another study found that the athlete’s self-reported symptoms typically resolve in three days 
or less when neurocognitive deficits are present at least seven days after injury (Field, Collins 
et al. 2003). In a large study (N = 1089) looking at the factorial validity of the GSC, they 
found that the test was indeed valid as a self-report measure of concussion-related symptoms 
(Piland, Motl et al. 2006). 
Acute Effect of Concussive Impacts 
 Research has shown that football players may require several days for recovery of 
symptoms, cognitive dysfunction and postural instability following concussion. Acute effects 
following concussion have most commonly occurred as decreases in cognitive performance, 
postural stability deficits and increased number of concussion-related symptoms. Concussed 
athletes have been found to exhibit the most severe symptoms, cognitive dysfunction and 
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balance problems during the acute phase immediately after concussion, followed by a 
gradual course of recovery over five to seven days (Guskiewicz, McCrea et al. 2003). On 
average, balance deficits return to normal following 3-5 days post-injury, cognitive 
functioning return to normal within 5-7 days post-injury, and athletes generally need a full 7 
days for postconcussive symptoms to completely return to baseline and control levels 
(Guskiewicz, McCrea et al. 2003). 
Cumulative Effect of Concussive and Subconcussive Impacts 
It is apparent in the literature that there exists an increased risk of recurrent injury as 
well as a slower recovery period after sustaining an initial concussion (Rabadi and Jordan 
2001; Collins and Hawn 2002; Guskiewicz, McCrea et al. 2003; Iverson, Gaetz et al. 2004). 
This is indicative of increased neuronal vulnerability after recurrent concussive injuries, as 
was previously described in the pathophysiology of concussion. The resulting decreased 
cerebral blood flow has been reported to last approximately ten days after concussive injuries 
in animal models which is consistent with the finding of an apparent 7-10 day period of 
increased susceptibility to recurrent injury (Guskiewicz, Mihalik et al. 2007).  
This raises the question of a possible acute cumulative effect of repetitive impacts 
that result in concussion and possible reduction in a theoretical threshold for concussion 
following repeated head impacts. In a study looking at the relationship of head accelerations 
and impact locations on resulting clinical symptomatology, twelve concussed individuals 
were evaluated. One athlete had received two concussions throughout the duration of data 
collection and when looked at retrospectively, it was found that the first concussion, with a 
linear impact magnitude of 63.84 g, had occurred after three relatively high impacts were 
sustained over the course of two preseason practices on that same day. Two high impacts 
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were sustained during the morning practice (79.18 g and 97.97 g), and the third high impact 
was sustained in the afternoon practice (64.51 g), immediately before the concussive impact 
occurred (Guskiewicz, Mihalik et al. 2007). This then leads to additional questions of 
whether a longer cumulative effect of repeated head impacts has the potential to cause 
decrements in neurocognitive measures and postural stability over time and if there is also 
the potential to decrease the injury threshold of concussion with an accumulation of 
repetitive impacts.  
The previous study also proposed that there were likely many contributing factors that 
influence the occurrence of concussion as well as the rate of recovery following concussion, 
including previous concussion history and frequency of subconcussive impacts sustained in 
the days leading up to the concussion (Guskiewicz, Mihalik et al. 2007).  
Another possible cause for the cumulative effect of repeated low magnitude head 
impacts involves a study that looked at concussion injury rates in different playing positions. 
It had previously been suggested that the lowest concussion injury rates were found in 
running backs and wide receivers when compared to linebackers, linemen and defensive 
backs. However, one study found running backs and wide receivers to be more likely to 
sustain high magnitude impacts than other positions (Mihalik, Bell et al. 2007). This is not 
consistent with the rationale that the likelihood of sustaining high magnitude impacts is 
related to increased concussion rates. Thus, it is possible that a cumulative effect of repeated 
low magnitude head impacts might explain the increased injury rates previously observed in 
the other playing positions that were found to sustain relatively lower magnitude impacts 
compared with running backs and wide receivers.  
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Current data suggests that there is still much to be learned regarding repetitive head 
impacts sustained on a routine, daily basis, and the potential acute and long-term effects to 
the brain. A study that specifically looked at non-injured football players found no significant 
difference in clinical measures of concussion between relatively high impacts sustained (>90 
g) and relatively low impacts sustained (<60 g) (McCaffrey, Mihalik et al. 2007). Thus, a 
player who sustains an impact greater than a theorized threshold level for concussion, in the 
absence of self-reported symptoms, may not experience measurable neurocognitive and 
postural stability deficits commonly associated with mild TBI. Alternatively, there have been 
documented concussions resulting from impact magnitudes in the 60 g range, so it is clear 
that there is more to predicting the occurrence of concussion and concussion-related 
symptoms other than impact magnitude alone.  
Future research is needed to determine whether a cumulative effect of repeated head 
trauma may cause underlying changes within athletes, potentially predisposing them to lower 
injury thresholds for both initial and repeat concussions and potentially affecting their overall 
postural stability and neurocognitive status. A comprehensive look at the total number of 
impacts, total cumulative impact magnitude, impact location, and history of previous 
concussion should all be considered when determining whether there is a relationship 
between repetitive impacts and the overall function and status of the brain that exists in 
football players.
CHAPTER III 
METHODOLOGY 
 
Participants 
 We enrolled 49 Division I Football Bowl Subdivision (formerly Division I-A) male 
collegiate football players in this study. These subjects were currently participating in a 
larger prospective project studying the relationship between biomechanical, neuroanatomical 
and clinical factors in sport-related concussion. All subjects signed a consent form approved 
by the Institutional Review Board (IRB) at The University of North Carolina. These 49 
subjects were baseline tested prior to the start of the 2008-2009 football season. Postseason 
testing was completed at least three days or more following the conclusion of the regular 
season. The subject sample consisted of a variety of player positions including offensive and 
defensive linemen, linebackers, defensive backs, wide receivers, running backs, tight ends 
and quarterbacks. Inclusion criteria was such that the subjects must be a UNC Division 1 
Football Bowl Subdivision collegiate football player and be enrolled in the project entitled, 
“Prospective investigation of sport-related concussion: Relationship between biomechanical, 
neuroanatomical, and clinical factors” (Principal Investigator: Kevin M. Guskiewicz, PhD, 
ATC). Exclusion criteria eliminated all those football players who had a concussion within 
three months prior to the scheduled baseline testing (over the course of the summer 
conditioning session), as well as anyone with a current vestibular, visual or balance deficit or 
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lower extremity injury that disrupts balance ability. Any athlete that sustained a head injury 
over the course of the season was also excluded from postseason testing.
Instrumentation 
Neuropsychological and Mental Status Assessment 
 Neuropsychological testing has been used to identify cognitive deficits and to track 
recovery following concussion. The Automated Neuropsychological Assessment Metrics 
(ANAM) Test Battery is a computer-based test that consists of a series of subtests evaluating 
different neurocognitive functions. This instrument has been shown to be valid and reliable 
(Cernich 2007). The 15-20 minute test battery was administered to each participant in a quiet, 
controlled environment in the Sports Medicine Research Laboratory at the University of 
North Carolina. Participants were tested on each of the following seven subtests: two Simple 
Reaction Time tasks (one at the beginning of the test battery and another repeated at the end 
of the battery, Mathematical Processing, Match to Sample, Procedural Reaction Time, Code 
Substitution and Memory Search. The subtests and their respective cognitive domains are 
delineated in Table 1. The modules were presented in the same order; however, the stimuli in 
each of the modules were presented randomly in follow up test sessions to limit practice 
effects. Outcome throughput scores representing each of the test modules were retained for 
later data analysis. 
 The Standardized Assessment of Concussion (SAC) is a mental status test that is used 
to assess individuals following concussion and is generally compared to a baseline measure 
collected on the same subject prior to the start of the season. Subjects completed the test in a 
quiet, controlled environment and the duration was approximately five to seven minutes. The 
SAC assesses domains commonly affected by mild TBI such as orientation, immediate and 
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delayed memory and concentration in addition to allowing for a neurological exam and 
clinical evaluation of symptoms with exertion (Valovich, Perrin et al. 2003). The SAC has 
been found to be both valid and reliable in high school and college athletes (McCrea, Kelly et 
al. 1997; Bleiberg, Kane et al. 2000; McCrea 2001; Valovich, Perrin et al. 2003), however, 
practice effects have been previously identified. Two forms of the SAC were used to 
minimize practice effects (Valovich, Perrin et al. 2003). Each subject received Form A 
during the baseline testing and Form B during the postseason testing. Additionally, the two 
testing sessions performed prior to preseason and following the conclusion of the regular 
season were far enough apart to remove any practice effect learned from the initial testing 
session so this should not affect our results.  
Postural Stability 
 Postural stability was assessed using two measures that have been previously 
identified as valid and reliable measures of balance performance. The Sensory Organization 
Test (SOT; NeuroCom International Inc.) was used to assess participants’ balance 
performance during baseline testing administered prior to preseason, as well as following the 
conclusion of the season. The SOT is one of many tests assessed on the NeuroCom 
International Smart Balance Master System and was used to evaluate a person’s ability to use 
sensory information from different inputs that contribute to balance. These inputs included 
the visual, vestibular and somatosensory systems. Each participant underwent three, twenty-
second trials under six different sensory conditions: normal vision and normal support 
surface, eyes closed with normal support surface, sway-reference visual input with normal 
support surface, normal vision and sway-referenced support surface, eyes closed and sway-
referenced support surface, and sway-referenced visual and support surface. In the sway-
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referenced conditions, the conflicting sensory input required participants to suppress the 
inaccurate sensory information and rely on the remaining sensory systems to maintain their 
balance (NeuroCom International Inc.; Clackamas, OR). Subjects were asked to stand as 
motionless as possible with their feet shoulder width apart and with weight distributed evenly 
across both feet on a force platform. Their arms were hanging comfortably at their sides and 
their eyes were fixed at a point straight ahead of them at eye level during the eyes open 
conditions. The force platform recorded the center of pressure relative to a neutral starting 
position and computed a sway ratio based on anterior and posterior deviations (Peterson, 
Ferrara et al. 2003). Previous research has demonstrated a significant learning effect across 
trials when ordered serially so each subject performed their trials in randomized order to 
minimize any learning effect (Broglio and Puetz 2008). 
 The Balance Error Scoring System (BESS) was the second measure we used to assess 
postural stability, independent of the force plate measure. Three specific stances (double, 
single, and tandem) were completed once on a firm surface and once on a medium density, 
10 cm foam pad (thickness 45 cm2 x 13 cm, density 60 kg/m3, load deflection 80-90 kg) for a 
total of six, twenty-second trials. Participants were instructed to stand as motionless as 
possible with hands on iliac crests and eyes closed. Subjects were also asked to maintain 
control of the contralateral limb in twenty degrees of hip flexion and forty-five degrees of 
knee flexion during the single leg balance tasks. If they lost their balance at any point during 
the trial they were told to return to their original testing position as quickly as possible and 
resume the trial. They were given a demonstration of the proper stance to clarify any 
confusion prior to performing their trials. Scoring for the BESS involved the summation of 
the total number of errors committed throughout the duration of all six of the trials. The six 
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possible errors included: hands lifted off iliac crest, opening eyes, step, stumble or fall, 
moving hip into more than thirty degrees of flexion or abduction, lifting forefoot or heel, and 
remaining out of testing position for more than five seconds (Broglio and Puetz 2008). The 
total number of errors committed throughout the six trials resulted in their total BESS score. 
Each subject was videotaped during the test and scored later to ensure accurate data 
collection.  
Symptomatology 
 Participants were asked to fill out a graded symptom checklist which is a self-report 
symptom scale that assesses the presence of eighteen concussion-related symptoms and 
severity using a seven part Likert scale ranging from asymptomatic (0) to severe (6). During 
the baseline testing, subjects were asked to rate the severity of each symptom that they 
reported feeling at least three or more times per week, on average, over the summer 
conditioning session leading up to the baseline testing session. The postseason testing of this 
measure included the same self-report symptom scale, however, subjects were asked to rate 
the severity of each symptom that they reported feeling at least three or more times per week 
since the regular season had ended.   
Head Impact Telemetry System 
 The Head Impact Telemetry System (HIT) System is not a measure of concussion but 
can be used to record the number of impacts and their respective magnitudes that may 
indirectly help to identify cause of concussion and possible risk factors for head injury. It was 
used throughout the course of the 2008-2009 football season to track head impact data 
including linear and rotational acceleration of impacts, number of impacts, location of 
impacts and time of impacts. Other data collected include the Gadd Severity Index (GSI) and 
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Head Injury Criterion (HIC). The GSI and HIC are equations used to evaluate the potential 
hazard of injury using variables of acceleration and time. The HIT System is made up of six 
spring-mounted single axis accelerometers embedded within VSR-4 and Revolution helmets 
from the Riddell Company. A signal transducer transmits the data to the Sideline Response 
System on a laptop computer via radio wave transmission (903-927mHz). The information is 
stored on an onboard memory system and then transferred to the computer system (8 bit, 
10000Hz/channel) (Riddell Corporation). Practice sessions were initiated at the start of each 
practice or game throughout the season and data was syncopated and transferred to the 
database system following each practice and game to record all data. Maintenance of 
accelerometers, including status checks and battery charging, took place weekly. This 
allowed the researcher to gather real-time data which could be helpful in identifying someone 
at risk for being diagnosed with a mild TBI. The HIT System has been previously validated 
in laboratory testing with Hybrid dummies equipped with football helmets (Duma, 
Manoogian et al. 2005). 
Procedures 
 All subjects signed consent forms prior to testing. Baseline testing began in June 2008 
and continued up until the beginning of preseason camp in August 2008. Postseason testing 
began in December 2008, no sooner than three days following the last regular season game 
(November 30th, 2008). All testing took place in the Sports Medicine Research Laboratory at 
The University of North Carolina.  
 Subjects completed a quasi-randomized testing order of each of the five testing 
measures (SOT, BESS, ANAM, SAC and GSC). Subjects were assigned to one of two 
testing orders during baseline testing, described in Appendix C. Two subjects were tested at a 
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time. One received order A while the other received order B for ease and efficiency of testing 
purposes. Each subjects’ respective testing order was recorded and then repeated for the 
postseason testing. This eliminated the possibility of different testing orders affecting the 
outcome of our results from pre to postseason. Total testing time took approximately one 
hour per two subjects. Subjects reported back following the conclusion of the season for 
postseason testing. All athletes were asked to refrain from any physical activity for the two 
hours leading up to the test session (baseline or postseason). All postseason testing was 
completed within three weeks of each subjects’ last day of participation.  
 Special considerations regarding ADD, ADHD, as well as prescription and non-
prescription drug intake were accounted for by self-reported documentation. These 
conditions have been known to negatively influence performance on neuropsychological and 
postural stability tests. Therefore, these conditions were taken into consideration when 
interpreting our data. Due to the nature of our study, we chose to include these athletes in our 
sample.   
Data Reduction  
All head impact data were collected throughout the duration of the season using the 
HIT System. Raw head impact data were exported and reduced to include impacts registering 
greater than 10 g. This cutoff value is consistent with previous literature in this subject area. 
Information on the number, magnitude and location of impacts were recorded.  
Our dependent variables were measured at pre and postseason. The ANAM scores 
from each domain were analyzed individually. The individual SAC scores (orientation, 
immediate recall, concentration, and delayed recall) as well as the total SAC score were used 
as our dependent variables for mental status (maximum possible score was 30 points). A 
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composite equilibrium score was computed using data collected during the 18 individual 
trials for the SOT; this measure is indicative of the overall level of balance performance 
across all of the trials. Higher scores indicate better balance performance. We also included 
the individual sensory input scores (somatosensory, vestibular, and visual) as dependent 
variables. For the BESS, we summed the number of errors committed by the subjects across 
each of the six conditions into a single total BESS score. Finally, individual symptom scores 
were recorded and summed for a total symptom severity score on the Graded Symptom 
Checklist (GSC). The total number of symptoms reported by each individual was also 
recorded, representing the total symptom number score. After all of the baseline data and 
postseason data had been collected, change scores were computed for each of our dependent 
measures by subtracting our baseline measures from those recorded during postseason 
testing. Clinical data were then reviewed individually and an analysis of outlier data revealed 
4 instances of data errors. Since these data deviated from the mean by more than 2.5 standard 
deviations, these four data points were removed from our dataset prior to any further data 
analysis.  
Statistical Analysis  
To answer our research question, statistical analyses included separate multiple linear 
regression analyses for each of our dependent variables, including change scores on all seven 
individual ANAM modules, the individual and total SAC scores, the SOT composite 
equilibrium score, the total number of BESS errors, and the total symptom severity and total 
symptom number score on the GSC. The independent variables consisted of the total number 
of impacts, the total number of impacts greater than 90 g, the total cumulative magnitude of 
impacts, and the total number of impacts to the top of the head sustained throughout the 
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duration of the season, as well as the number of previous concussions sustained within the 
past five years. Confirmatory analyses were then employed using the preseason baseline 
scores for each of the concussion measures (ANAM, SAC, SOT, BESS and GSC) as 
predictor variables to predict the respective postseason score on each of the measures as 
criterion variables. Significant results were examined more closely, looking at beta 
coefficients and P values to determine which of our independent variables contributed the 
most to the significant change in score from pre to post season. 
An alpha level of .05 was set a priori. Data were analyzed using SPSS for Windows 
version 16.0 (SPSS Inc.). Prior to the study, we performed a power analysis to estimate the 
number of subjects that would be required to attain a study power of 0.80. Using a 
conservative R² value of 0.30, we estimated a need for 40 subjects. Since we anticipated 
subject attrition due to head injuries and other musculoskeletal season-ending injuries over 
the course of the season, we recruited 49 subjects.
CHAPTER IV 
RESULTS 
 
Head Impact Telemetry System 
The HIT System recorded all of the impact data throughout the season for 46 NCAA 
Division I FBS football players (age = 19.65 ± 1.16 years; mass = 112.72 ± 20.75 kg; height 
= 189.43 ± 7.06 cm). Variables of particular interest included the total number of impacts to 
each player, the magnitude of each of those impacts, and the location of each impact, in 
addition to other measures. These data were then exported at the end of the regular season 
and inputted into SPSS and EXCEL to calculate frequencies of impacts to individual players, 
total magnitude of impacts to individual players and frequencies of impacts to various 
locations of the head including front, back, sides and top. This information was used for four 
of the five predictor variables in the multiple linear regression analyses.  The fifth variable of 
total number of previous concussions within the past five years was gathered from their 
medical history. The predictor variables gathered from the HIT System included: 
1. Total number of impacts to each individual subject 
2. Total number of impacts >90 g to each individual subject 
3. Total cumulative magnitude of impacts to each individual subject 
4. Total number of impacts to top of the head 
During the course of the season, the average number of impacts sustained by the 49 
players in our study was 1185.32 ± 773.96 impacts, the average number that exceeded 90 g
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was 11.61 ± 10.72 impacts, and the average number of impacts to the top of the head was 
222.09 ± 186.35 impacts. The average of the total cumulative magnitude of all impacts to 
each player was 30,171.95 ± 20,363.89 g. Finally, the average number of previous 
concussions within the past five years was 0.34 ± 0.71 concussions (Table 9). As many as ten 
subjects had a previous history of concussion ranging from one previous concussion to three 
previous concussions.  
Neuropsychological Assessment 
Automated Neuropsychological Assessment Metrics (ANAM) Test Battery 
The independent variables in our model did not significantly contribute to explaining 
the changes we observed between pre and postseason scores on all seven modules of the 
ANAM. There was no significant contribution to the change in scores from pre to postseason 
on Simple Reaction Time 1 (SRT1) measures (F7,36 = 0.68, P = 0.64, R2 = 0.08). This 
suggests that the number of impacts sustained (P = 0.40), the number of severe head impacts 
(>90 g) sustained (P = 0.52), the total cumulative magnitude of all head impacts (P = 0.40), 
and the number of impacts to the top of the head (P = 0.80) sustained over the course of the 
entire season did not contribute to any observable SRT1 performance changes we measured. 
Previous history of concussion also did not contribute to the SRT1 change score (P = 0.15) 
(Table 3).  
Similarly, the independent variables in our model did not significantly contribute to 
explaining the changes we observed between pre and postseason Simple Reaction Time 2 
(SRT2) measures (F7,34 = 0.12, P = 0.99, R2 = 0.02). The number of impacts sustained (P = 
0.92), the number of severe head impacts (>90 g) sustained (P = 0.96), the total cumulative 
magnitude of all head impacts (P = 0.87), and the number of impacts to the top of the head (P 
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= 0.49) sustained over the course of the entire season, and previous history of concussion did 
not contribute to the SRT2 change score (P = 0.82) (Table 3).  
The independent variables in our model did not significantly contribute to explaining 
the changes we observed between pre and postseason Mathematical Processing (MTP) 
measures (F7,37 = 0.41, P = 0.84, R2 = 0.05). This suggests that the number of impacts 
sustained (P = 0.90), the number of severe head impacts (>90 g) sustained (P = 0.61), the 
total cumulative magnitude of all head impacts (P = 0.91), and the number of impacts to the 
top of the head (P = 0.24) sustained over the course of the entire season did not contribute to 
any observable MTP performance changes we measured. Previous history of concussion also 
did not contribute to the MTP change score (P = 0.63) (Table 3). 
Furthermore, the independent variables in our model did not significantly contribute 
to explaining the changes we observed between pre and postseason Match to Sample (MSP) 
measures (F7,38 = 0.45, P = 0.81, R2 = 0.05). The number of impacts sustained (P = 0.87), the 
number of severe head impacts (>90 g) sustained (P = 0.76), the total cumulative magnitude 
of all head impacts (P = 0.91), and the number of impacts to the top of the head (P = 0.39) 
sustained over the course of the entire season did not contribute to any observable MSP 
performance changes we measured. Previous history of concussion also did not contribute to 
the MSP change score (P = 0.48) (Table 3). 
The independent variables in our model also did not significantly contribute to 
explaining the changes we observed between pre and postseason Procedural Reaction Time 
(PRT) measures (F7,38 = 1.00, P = 0.43, R2 = 0.11). The number of impacts sustained (P = 
0.90), the number of severe head impacts (>90 g) sustained (P = 0.41), the total cumulative 
magnitude of all head impacts (P = 0.79), and the number of impacts to the top of the head (P 
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= 0.59) sustained over the course of the entire season did not contribute to any observable 
PRT performance changes we measured. Previous history of concussion also did not 
contribute to the PRT change score (P = 0.97) (Table 3). 
Additionally, the independent variables in our model did not significantly contribute 
to explaining the changes we observed between pre and postseason Code Substitution (CDS) 
measures (F7,38 = 0.59, P = 0.70, R2 = 0.07). This suggests that the number of impacts 
sustained (P = 0.90), the number of severe head impacts (>90 g) sustained (P = 0.63), the 
total cumulative magnitude of all head impacts (P = 0.83), and the number of impacts to the 
top of the head (P = 0.88) sustained over the course of the entire season, and previous history 
of concussion did not contribute to the CDS change score (P = 0.18). 
Finally, the independent variables in our model did not significantly contribute to 
explaining the changes we observed between pre and postseason Memory Search (MEM) 
measures (F7,38 = 0.66, P = 0.66, R2 = 0.08). The number of impacts sustained (P = 0.87), the 
number of severe head impacts (>90 g) sustained (P = 0.88), the total cumulative magnitude 
of all head impacts (P = 0.76), and the number of impacts to the top of the head (P = 0.12) 
sustained over the course of the entire season did not contribute to any observable MEM 
performance changes we measured. Previous history of concussion also did not contribute to 
the MEM change score (P = 0.64) (Table 3). 
Mental Status Assessment 
Standardized Assessment of Concussion (SAC) 
The independent variables in our model did not significantly contribute to explaining 
the changes we observed between pre and postseason total SAC scores (F7,38 = 1.32, P = 
0.28, R2 = 0.14). This suggests that the number of impacts sustained (P = 0.24), the number 
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of severe head impacts (>90 g) sustained (P = 0.33), the total cumulative magnitude of all 
head impacts (P = 0.14), and the number of impacts to the top of the head (P = 0.09) 
sustained over the course of the entire season did not contribute to any observable total SAC 
score performance changes we measured. Previous history of concussion also did not 
contribute to the total SAC change score (P = 0.19). 
However, our model did explain the changes we observed between pre and 
postseason scores of the delayed recall component of the SAC (F7,38 = 3.03, P = 0.02, R2 = 
0.27).  As the total number of severe head impacts (>90 g) (P = 0.04), total cumulative 
magnitude of impacts (P = 0.04), and number of previous concussions (P = 0.01) increased, 
the delayed recall decreased from pre to postseason, and therefore contributed significantly to 
the model (Table 4; Table 8). The total number of impacts (P = 0.51) and the total number of 
impacts to the top of the head (P = 0.24) did not contribute to any observable changes we 
measured (Table 4). No other component of the SAC was explained by the predictor 
variables in our model.  
Postural Stability 
Sensory Organization Test (SOT) 
The independent variables in our model did not significantly contribute to explaining 
the changes we observed between pre and postseason SOT equilibrium scores (F7,38 = 2.15, P 
= 0.08, R2 = 0.21). This suggests that the number of impacts sustained (P = 0.09), the number 
of severe head impacts (>90 g) sustained (P = 0.81), the total cumulative magnitude of all 
head impacts (P = 0.21), and the number of impacts to the top of the head (P = 0.06) 
sustained over the course of the entire season did not contribute to any observable SOT 
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equilibrium score performance changes we measured. Previous history of concussion also did 
not contribute to the SOT equilibrium change score (P = 0.96) (Table 5). 
With regard to the individual sensory systems, visual input change scores were 
significantly affected by the independent variables in our model (F7,38 = 2.52, P = 0.04, R2 = 
0.24). Total number of impacts (P = 0.03), total cumulative magnitude of impacts (P = 0.04) 
and previous history of concussion (P = 0.01) all contributed significantly to the change in 
the SOT visual score from pre to postseason. Total number of severe head impacts (>90 g) (P 
= 0.12) and total number of impacts to the top of the head (P = 0.86) sustained over the 
course of the entire season did not contribute to any observable changes we measured. No 
other sensory systems were significantly affected by the independent variables in our model. 
Balance Error Scoring System (BESS) 
On average, we observed increases in scores from pre to postseason on the BESS 
(1.16 ± 4.13 errors). The independent variables in our model had a significant contribution in 
explaining the changes we observed between pre and postseason total BESS scores (F7,38 = 
3.89, P = 0.01, R2 = 0.33). None of the independent variables contributed significantly to the 
change in scores from pre to postseason independently. The number of impacts sustained (P 
= 0.12), the number of severe head impacts (>90 g) sustained (P = 0.79), the total cumulative 
magnitude of all head impacts (P = 0.07), and the number of impacts to the top of the head (P 
= 0.61) sustained over the course of the entire season did not contribute individually to any 
observable total BESS score performance changes we measured. Previous history of 
concussion also did not contribute to the total BESS change score (P = 0.18). Collectively, 
these independent variables explained the changes observed in pre to postseason total BESS 
scores (Table 6).  
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Symptomatology 
Graded Symptom Checklist (GSC) 
The independent variables in our model did not significantly contribute to explaining 
the changes we observed between pre and postseason total symptom severity scores (F7,38 = 
2.30, P = 0.06, R2 = 0.22). This suggests that the number of impacts sustained (P = 0.64), the 
number of severe head impacts (>90 g) sustained (P = 0.23), the total cumulative magnitude 
of all head impacts (P = 0.66), and the number of impacts to the top of the head (P = 0.39) 
sustained over the course of the entire season did not contribute to any observable changes in 
symptoms that were reported. Previous history of concussion also did not contribute to the 
total symptom severity change score (P = 0.08) (Table 7). 
The total number of symptoms reported was also recorded at the preseason baseline 
and at the post test. The independent variables in our model contributed significantly in 
explaining the changes we observed between pre and postseason total symptom number 
scores (F7,38 = 3.11, P = 0.02, R2 = 0.28). This suggests that the number of severe head 
impacts (>90 g) sustained (P = 0.04) and the number of impacts to the top of the head (P = 
0.03) sustained over the course of the entire season have a direct relationship to the number 
of reported symptoms from pre to postseason. The number of impacts sustained (P = 0.64), 
the total cumulative magnitude of all head impacts (P = 0.43), and previous history of 
concussion did not contribute to this effect (P = 0.16) (Table 7).  
Additional multiple linear regressions were run on each of the individual symptom 
change scores. The independent variables in our model did not significantly contribute to 
explaining the changes we observed between pre and postseason individual symptom reports.  
 
CHAPTER V 
DISCUSSION 
 
Our findings suggest that football players sustain repetitive subconcussive impacts to 
the head throughout the duration of a season and for the most part, do not demonstrate any 
clinically significant changes in scores on clinical measures of concussion from pre to 
postseason. Most of the deficits in scores, of which there were few, appear to be independent 
of the total number of impacts sustained, the total number of severe impacts (>90 g) 
sustained, the total cumulative magnitude of impacts sustained, and the total number of 
impacts sustained to the top of the head. Additionally, the total number of previous 
concussions sustained within the past five years does not appear to contribute to any 
clinically relevant changes in clinical measures of concussion from pre to postseason.  
 These results are consistent with a previous study investigating uninjured football 
players throughout the duration of one season by testing them on neurocognitive tests at the 
beginning of the season, at midseason and at postseason (Miller, Adamson et al. 2007). No 
change in scores across the three testing points was observed in this previous study. At times, 
significant increases in performance were found, but they attributed these to practice effects. 
This study only looked at test measures from the Standardized Assessment of Concussion 
(SAC) and the Immediate Postconcussion Assessment and Cognitive Test (ImPACT). No 
significant differences were found on the SAC scores throughout the season, however there 
were significant increases in performance from pre to postseason on the ImPACT score, 
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which they attributed to practice effects.  
Previous studies observed practice effects with serial administration of the ANAM 
test (Cernich 2007). Our procedures involved administering the concussion measures at only 
two different time intervals, nearly six months apart. Thus we would expect any potential 
practice effect associated with the ANAM test battery would be washed out after a six month 
period between testing sessions (Cernich 2007). Our results showed slight improvements in 
change scores from pre to postseason and also revealed that none of our predictor variables 
contributed to these change scores in each of the ANAM modules.  
Another study investigating the validity of concussion measures found that the SAC 
did not appear to have a practice effect from repeated administration of the test (Valovich 
McLeod, Perrin et al. 2004). In our study, we observed mostly decreases in SAC scores from 
pre to postseason, but only by a small degree, and most were not found to be related 
significantly to the predictor variables. There was an average decrease in the delayed recall 
component of the mental status test of -0.67 ± 1.28 and the change appears to be explained 
by increased frequency of head impacts >90 g (P = 0.04), increased cumulative magnitudes 
of those impacts (P = 0.04), and an increased number of previous concussions within the past 
five years (P = 0.01). These results could possibly explain a cumulative effect of 
subconcussive impacts and resulting neurocognitive impairment.  
According to our model as the number of impacts greater than 90 g increases and the 
number of previous concussions increases, the delayed recall score decreases from pre to 
postseason. These findings agree with our hypothesis that suggests there may be a cumulative 
effect of impacts to the head that result in decreased brain function such as memory 
impairment. However, it is important to take into consideration that the SAC, used as a 
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mental status test, measures similar brain functions as the ANAM, and all ANAM modules 
improved from pre to postseason. These inconsistencies are most likely reflective of the fact 
that there is little clinical meaning to our significant results. The changes we observed from 
pre to postseason were minimal, and were not consistent between similar neuropsychological 
tests. Therefore, the significant relationships we found between change scores and our 
predictor variables do not hold much value and the clinician can be reassured that repetitive 
impacts sustained over a football season, or previous concussions, have no clinical impact on 
concussion measures.   
Furthermore, our model also shows that as the total cumulative magnitude of impacts 
increases, the delayed recall score also increases from pre to postseason. This finding does 
not agree with our hypothesis in which we expected a decrease in SAC scores as the 
cumulative magnitude of impacts increased. This again confirms that while this variable was 
found to significantly contribute to the resulting change score, it has little clinical meaning. 
There are most likely other extraneous variables that were responsible for this result.  
This result also suggests that the total cumulative magnitude variable may not be a 
good predictor variable for explaining potential decrements in scores over a season because 
an individual with a high total cumulative magnitude of impacts may be someone who has 
sustained a high frequency of impacts of very low magnitudes. Many 10 g impacts may not 
have an effect over a season but many 40 g impacts or higher may have a cumulative effect 
on concussion measures over the course of a season. It would be interesting to explore the 
possibility of an impact magnitude threshold in which impacts greater than a certain 
magnitude may result in brain impairment over time, while any impacts below this 
magnitude, regardless of frequency, may have no effect on brain function over time.  
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Subsequently, it is clear that more research is needed in regard to impact magnitudes, 
locations and possible effects on changes in concussion measures.  
The significant predictor variables that contributed to the model explaining the 
increased change score in visual input from pre to postseason were total number of impacts 
(P = 0.04), total cumulative magnitude of impacts (P = 0.04), and number of previous 
concussions within the past five years (P = 0.01). Our model shows that as the number of 
impacts sustained throughout the season increases, and the number of previous concussions 
increases, the visual input score also increases from pre to postseason, which does not agree 
with our hypothesis. One explanation for this is that players who have sustained more 
impacts and more previous concussions than their teammates may have developed a 
heightened sense of visual awareness as a protective defense mechanism to prevent 
subsequent injuries and dangerous impacts.  
 However, our results also show that as the total cumulative magnitude of impacts 
increases, the visual input score decreases from pre to postseason, which does agree with our 
hypothesis. This relationship suggests that higher magnitude impacts may have more severe 
effects relative to the number of impacts sustained by football players, especially if those 
impacts are of low magnitude.  
 This outcome is also suggestive of the fact that there is little to no clinical 
significance to these relationships between predictor variables and the resulting change 
scores from pre to postseason. One would think that as the total number of impacts increased 
over the season, the total cumulative magnitude of impacts sustained would also increase, 
and yet there are conflicting relationships for the change scores of clinical measures from pre 
to postseason. According to our model, as the number of impacts increases, the change score 
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increases, and while the total cumulative magnitude of impacts increases, there is an 
associated decrease in that change score. These inconsistent results demonstrate that there is 
most likely  no true relationship that exists between number of impacts and cumulative 
magnitude of impacts sustained on the visual input change score from pre to postseason.  
According to our data, the SOT visual score had an average change of zero from pre 
to postseason. However, it is likely that many subjects had either improved and many others 
had declined from pre to postseason with an overall average suggesting no change. 
Analyzing the data more closely revealed that the majority of running backs who had 
significant playing time throughout the season had decreased visual input scores from pre to 
postseason when compared with their position teammates that did not see as much field time. 
This observed relationship between change in visual input scores and the amount of playing 
time was not present within other positional groups. Other position groups, regardless of 
playing time, had relatively equal numbers of subjects who increased in score and subjects 
who decreased in score from pre to postseason.  
Overall, the subjects who had significant playing time, regardless of position, had 
mostly equal numbers of increased and decreased scores from pre to postseason. However, in 
addition to the majority of starting running backs having decreases in visual input scores 
from pre to postseason, a majority of the starting lineman, linebackers and defensive backs 
actually improved from pre to postseason. Running backs may have seen more decreases in 
their visual input score due to the nature of their position and the increased impacts that they 
receive head on, at high magnitudes, when compared to other position groups that may not 
receive as many head on, direct impacts. These types of impacts to the front and top of the 
head may cause more damage at the posterior aspect of the brain than other impacts due to 
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the momentum of the impact forcing the brain against the posterior surface of the skull. The 
posterior region of the brain, the occipital lobes, house the major center for vision and may 
be the reason for decreased visual input scores in running backs from pre to postseason.  
For the BESS measure, there was an average improvement of 1.16 ± 4.13 decreased 
errors from pre to postseason, which agrees with previous research findings that have found 
increases in BESS scores after multiple testing sessions. However, there were no significant 
covariates that contributed to this average change score in our prediction model. The closest 
significant variable was the total cumulative magnitude of impacts (P = 0.07). As the total 
cumulative magnitude increased, the BESS score tended to improve with a resulting decrease 
in number of errors from pre to postseason. This relationship does not agree with out 
hypothesis in which we predicted that a higher total cumulative magnitude would have an 
associated increase in total BESS errors from pre to postseason. Since all of the predictor 
variables were not significant, we attribute the significant model to a collective contribution 
by all of the predictor variables that explain the resulting total BESS change score. 
According to our model, none of the predictor variables are reliable for predicting the total 
BESS change score independently. 
 Finally, the last prediction model that we found to be significant was the model 
explaining the change score of total number of symptoms reported from pre to postseason on 
the GSC. There was an average increase of 0.90 ± 1.45 symptoms from pre to postseason. 
The total number of impacts >90 g (P = 0.04) and the total number of impacts to the top of 
the head (P = 0.03) contributed to this change score. According to our model, as the total 
number of impacts >90 g increased, the total number of symptoms reported increased from 
pre to postseason. Similarly, as the total number of impacts sustained to the top of the head 
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increased, the total number of symptoms reported also increased from pre to postseason. 
These results agree with our hypothesis, however, there is relatively little clinical 
relevance to this finding. As a subjective self-report measure, an average change score of less 
than one point is hardly alarming. The symptoms that are rated by each subject could be 
brought on by a number of causes, so it is difficult to only attribute this small increase in 
symptom reporting to our predictor variables. The resulting change score from pre to 
postseason can most likely be attributed to other factors. The R2 value of 0.28 only accounts 
for 28% for the variability in these results, leaving approximately 72% of the variability 
accounted for by extraneous factors. Other possible reasons for the increased number of 
symptoms reported at postseason testing, such as drowsiness and fatigue, could be explained 
by the effect of participating in an intense, demanding sport for six months with little time off 
to rest or recover. Additionally, postseason testing occurred during the week of final exams. 
Subjects may have had a higher level of stress, as well as increased fatigue and irritability 
during postseason testing as a result of these circumstances. Dehydration has also been found 
to affect concentration and mental alertness. Football players were most likely better 
hydrated prior to the season than following the season, suggesting another reason for an 
increased report of symptoms at postseason testing, such as difficulty concentrating and 
drowsiness.  
Although our regression model had statistically significant results for the independent 
variables contributing to a change in some of our dependent measures from pre to 
postseason, we acknowledge that these differences have minor clinical meaning. The 
significant results that were found include change scores that were in the range of 0.27 – 0.90 
on the SAC and GSC measures. These change scores on average were less than one point 
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difference from pre to post season. While our independent variables were found to 
significantly contribute to this change, the small degree of change from pre to postseason 
does not hold much value. A difference of one point on the SAC or GSC does not suggest 
major mental status deficits or an alarming increased presence or severity of symptoms. 
These clinical measures of concussion have all been tested and found to be reliable measures 
but usually within a small degree of error, which most of these change scores likely fall 
within.  
While some of our outcomes may be mildly suggestive of a relationship between 
subconcussive impacts and history of previous concussion on our independent factors, it is 
also important to recognize that most of these change score values had R² values in the range 
of 0.20 – 0.35. This would indicate that only 20-35% of the variance in these scores can be 
explained by our independent variables. That would suggest that there are other variables that 
we have not accounted for that explain the majority of change in our resulting outcome 
measures, such as variability in test results due to reliability issues, lack of consistent 
motivation or effort in subjects when performing these tests, and other possible sources that 
may have an impact on neurocognitive domains and presence of concussive-like symptoms.  
Clinical Implications 
It is important to note that all of the change scores from each of our dependent 
measures did not amount to any clinically relevant deficits in performance. The results of this 
study do not raise concern over the risks of playing Division 1 Football Bowl Subdivision 
college football for one season and sustaining repetitive impacts to the head, because we 
found few significant relationships between our dependent and independent variables. Those 
variables that were found to be significant were not clinically significant due to various 
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reasons. In addition, the actual change scores from pre to postseason did not indicate any 
moderate or severe deficits in performance and were not consistent with change scores of like 
measures such as the example of the conflicting results of the ANAM and SAC.  
Previous literature has investigated the cumulative effect of repeated concussions and 
the potential danger of second impact syndrome (Iverson, Gaetz et al. 2004). Animal models 
have given us a better idea of what happens to the brain during a concussive episode by 
demonstrating the neurometabolic cascade effect and increased neuronal vulnerability that 
predisposes someone to further injury if their first concussive episode is not managed 
properly (Giza and Hovda 2001). With our research question looking at the relationship of 
repetitive subconcussive impacts and previous history of concussion we naturally wondered 
if there was a similar neurometabolic cascade perhaps on a smaller scale that eventually 
resulted in impairments of the brain due to repetitive micro trauma without sufficient time in 
between impacts for the brain to recover. Currently, the relationship between the 
neurometabolic cascade effect and performance on clinical measures of concussion, as well 
as symptom presentation, is still largely unknown. However if there was a correlation 
between altered brain metabolism and a measurable decreased performance on clinical tests, 
our outcome measures did not reflect impairments in brain function as a result of this 
possible relationship between repetitive head impacts and associated brain impairment over 
the course of one season. Change scores from the beginning of the season to the end of the 
season remained nearly the same or the small changes were at least clinically non-significant. 
Limitations                                                                                                                                
We acknowledge some limitations with some of the procedures of our study. Due to 
feasibility we were only able to test subjects on the clinical measures of concussion at 
 57 
preseason and postseason over the course of one football season. Looking at a potential 
relationship between subconcussive impacts, previous history of concussion and clinical 
measures of concussion over time should focus on a long term study that follows football 
players over many seasons. Even after their career is over it would be interesting to see if 
there are deficits in neuropsychological and postural stability measures and increased 
symptom reportage over a longer period of time.  
Another limitation we had was a limited subject pool. We were able to recruit 49 
subjects; however, impact data was only collected on 46 subjects due to instrument error. 
Additionally, there were a few individuals that sustained significant time-loss injuries during 
the season and thus had limited impact exposure. Due to our limited knowledge on 
subconcussive impacts, we do not know if this affected the outcome of our results, due to 
varying impact exposures between subjects. 
Based on our data, the independent variables we hypothesized would explain any 
observed changes in clinical measures did not provide a complete explanation of this 
question. Even significant regression models resulted in low R2 values, suggesting a number 
of extraneous factors could very well explain any noted changes in performance on these 
measures. We acknowledge these factors are numerous and future studies should attempt to 
identify them. Finally, we had to eliminate some data due to extreme variations from means 
and individual means from their own previous scores. We attribute this to lack of motivation 
and effort by the research subjects. Our inability to have subjects maintain their motivation 
level from preseason testing to postseason testing is an inherent limitation. 
Future Research 
Future research should be conducted over multiple seasons looking at any potential 
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changes in scores in clinical measures of concussion while relating it to impact data. It would 
be beneficial to learn of potential long term effects of subconcussive impacts over a football 
career. The number of previous years of experience playing football at any level could also 
be another potential contributor to changes in clinical measures of concussion from pre to 
postseason. It would be worth investigating our model with this included as another predictor 
variable. Furthermore, neuroimaging studies could be an addition to a similar study to see if 
there are any physical, structural changes in the brain from preseason to postseason, or over 
multiple seasons while looking at impact data and clinical presentation of symptoms as well. 
 Another possibility for further research on this particular study would be to test our 
subjects approximately three months after our postseason testing to see if there are any more 
significant relationships between subconcussive impacts or previous history of concussion 
and the clinical measures of concussion after an extended time period following the 
conclusion of the regular season. Perhaps, more time is needed for these relationships to 
become apparent in our dependent measures, and would be worth investigating.  
Finally, the previous studies in this research area have raised the question of a 
possible acute cumulative effect of subconcussive impacts in which an individual who 
sustains multiple subconcussive impacts of moderate magnitude in succession would 
possibly be at higher risk for sustaining a concussion. A retrospective study looking at 
concussed individuals and tracking their impact history leading up to the concussive impact 
may give us more information regarding this potential acute cumulative effect of 
subconcussive impacts. 
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APPENDIX A: 
Data Analysis Table 
 
Question Description Data Source Correlation Method 
1 Is there a 
relationship between 
change scores on 
clinical measures of 
concussion (ANAM, 
SAC, SOT, BESS, 
and GSC) and the 
total # of impacts, 
total cumulative 
magnitude of 
impacts, total # of 
impacts >90 g’s, 
total # of impacts to 
the top of the head, 
and number of 
previous concussions 
following one 
football season? 
Baseline and 
postseason 
performance on 
clinical measures 
of concussion  and 
impact data 
collected over the 
course of one 
football season  
Change scores 
from clinical 
measures of 
concussion in 
athletes related to 
total # of impacts, 
total cumulative 
magnitude of 
impacts, total # of 
impacts >90g’s, 
total # of impacts 
to the top of the 
head and previous 
number of 
concussion 
 
Multiple 
Linear 
Regression 
Analyses  
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APPENDIX B: 
Proposed Preseason Testing Schedule 
 
Subject Date Time Subject Date Time 
1 Tues June 10th 8:00 AM 28 Thurs June 26th 6:00 PM 
2 Tues June 10th 8:00 AM 29 Thurs June 26th 6:00 PM 
3 Tues June 10th 6:00 PM 30 Fri June 27th 10:00 AM 
4 Tues June 10th 6:00 PM 31 Fri June 27th 10:00 AM 
5 Wed June 11th 1:00 PM 32 Sat June 28th 12:00 PM 
6 Wed June 11th 1:00 PM 33 Sat June 28th 12:00 PM 
7 Wed June 11th 3:00 PM 34 Tues July 1st 8:00 AM 
8 Wed June 11th 3:00 PM 35 Tues July 1st 8:00 AM 
9 Thurs June 12th 8:00 AM 36 Tues July 1st 4:00 PM 
10 Thurs June 12th 10:00 AM 37 Wed July 2nd 8:00 AM 
11 Thurs June 12th 6:00 PM 38 Wed July 2nd 8:00 AM 
12 Thurs June 12th 6:00 PM 39 Thurs July 3rd/July 6th 3:00 PM 
13 Fri June 13th 8:00 AM 40 Tues July 8th 8:00 AM 
14 Fri June 13th 8:00 AM 41 Tues July 8th 8:00 AM 
15 Sat June 21st 12:00 PM 42 Tues July 8th 12:00 PM 
16 Sat June 21st 12:00 PM 43 Wed July 9th 8:00 AM 
17 Sat June 21st 12:30 PM 44 Wed July 9th 8:00 AM 
18 Mon June 23rd 6:00 PM 45 Fri July 11th 8:00 AM 
19 Mon June 23rd 6:00 PM 46 Fri July 11th 8:00 AM 
20 Wed June 25th 8:00 AM 47 Sat July 12th 12:00 PM 
21 Wed June 25th 8:00 AM 48 Sat July 12th 12:00 PM 
22 Wed June 25th 12:00 PM 49 Sat July 12th 12:30 PM 
23 Wed June 25th 12:00 PM 50 Sat July 19th 12:00 PM 
24 Wed June 25th 6:00 PM 51 Sat July 19th 12:00 PM 
25 Wed June 25th 6:00 PM 52 Sat July 19th 12:30 PM 
26 Thurs June 26th 8:00 AM 53 Tues July 22nd 8:00 AM 
27 Thurs June 26th 8:00 AM 54 Tues July 22nd 8:00 AM 
      55 Tues July 22nd 8:30 AM 
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APPENDIX C: 
Proposed Postseason Testing Schedule 
 
Subject Date Time Subject Date Time 
1 Thurs December 4th 1:00PM  28 Mon December 15th 9:00AM 
2 Thurs December 4th 1:00PM 29 Mon December 15th 10:00AM 
3 Thurs December 4th 2:00PM 30 Fri December 5th 8:00AM 
4 Thurs December 4th 2:00PM 31 Mon December 8th 9:00AM 
5 Thurs December 4th 3:00PM 32 Tues December 9th 10:30AM 
6 Thurs December 4th 3:00PM 33 Tues December 9th 11:30AM 
7 Thurs December 4th 4:00PM 34 Tues December 9th 11:30AM 
8 Thurs December 4th 4:00PM 35 Wed December 10th 8:00 AM 
9 Thurs December 4th 5:00PM 36 Mon December 8th 10:00AM 
10 Thurs December 4th 5:00PM 37 Fri December 5th 8:00 AM 
11 Mon December 8th 10:00AM 38 Wed December 10th 8:00 AM 
12 Mon December 8th 11:00AM 39 Wed December 10th 10:00AM 
13 Mon December 8th 11:00AM 40 Wed December 10th 10:00AM 
14 Wed December 17th 8:00AM 41 Wed December 10th 11:00AM 
15 Mon December 15th 8:00AM 42 Wed December 10th 11:00AM 
16 Tues December 9th 9:00AM 43 Thurs December 11th 10:00AM 
17 Tues December 9th 9:00AM 44 Thurs December 11th 10:00AM 
18 Tues December 9th 10:30AM 45 Mon December 15th 10:00AM 
19 Wed December 10th 9:00AM 46 Mon December 15th 11:00AM 
20 Mon December 8th 8:00AM 47 Mon December 15th 11:00AM 
21 Fri December 12th 8:00AM 48 Tues December 16th 10:30AM 
22 Mon December 15th 8:00AM 49 Fri December 12th 8:00AM 
23 Wed December 17th 8:00AM    
24 Mon December 15th 9:00AM    
25 Mon December 8th 8:00AM    
26 Mon December 8th 9:00AM    
27 
Wed December 
10th 9:00AM    
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APPENDIX D: 
Subject Testing Order 
 
  Subject 
Testing 
Order   Subject  
Testing 
Order 
Order A  1 A   29 A 
1. GSC, SAC, BESS  2 B   30 A 
2. SOT  3 A   31 B 
3. ANAM  4 B   32 A 
   5 A   33 A 
Order B  6 A   34 A 
1. SOT   7 B   35 B 
2. ANAM  8 B   36 A 
3. GSC, SAC, BESS  9 A   37 B 
   10 A   38 A 
  11 A   39 B 
  12 B   40 A 
  13 A   41 A 
  14 A   42 B 
  15 A   43 B 
  16 A   44 A 
  17 B   45 B 
  18 A   46 A 
  19 A   47 A 
  20 A   48 B 
  21 B   49 A 
  22 A     
  23 B     
  24 B     
  25 B     
  26 A     
  27 A     
  28 A       
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APPENDIX E: 
Conditions and Medications Record 
 
Subject  Condition Medication Dose 
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APPENDIX F: 
Data Collection Form 
 
BASELINE SCORE POSTSEASON SCORE CHANGE SCORE 
ANAM  ANAM  ANAM  
SRT 1+2  SRT 1+2  SRT 1+2  
CDS  CDS  CDS  
CDD  CDD  CDD  
MTH  MTH  MTH  
MSP  MSP  MSP  
      
SOT  SOT  SOT  
      
BESS  BESS  BESS  
      
SAC  SAC  SAC  
      
GSC  GSC  GSC  
Subject 
 
 
DOB 
 
 
Academic Year 
 
 
Player Position 
 
 
Age 
 
 
Height 
 
 
Weight 
 
 
Learning Disability/ 
ADD/ADHD? 
 
Medications? 
 
 
Previous History of 
Concussion? 
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APPENDIX G: 
Tables 
 
    Table 1: The Automated Neuropsychological Assessment Metrics Test Battery 
The Automated Neuropsychological Assessment Metrics test  
modules and cognitive domains assessed 
Test Module Cognitive Domain(s) Description of Test Module 
Simple Reaction 
Time (SRT) 1 
Reaction time User quickly clicks mouse when stimulus “*” 
appears on screen  
Mathematical 
Processing 
(MTP) 
Mental processing 
speed and mental 
efficiency 
Basic arithmetic operation is presented on the 
screen; athlete left-clicks mouse if solution is 
<5 and right-clicks if solution is >5 
Match to Sample 
(MSP) 
Visual memory A 4x4 checkerboard matrix is presented for 2 
sec and then disappears; two side-by-side 
matrices appear after an interval; athlete 
indicates which matrix (left or right) exactly 
matches the original matrix 
Procedural Reaction 
Time 
(PRT) 
Reaction time and 
working memory 
Athlete clicks left mouse button if “2” or “3” 
appear on the screen; right mouse button is 
clicked if “4” or “5” appear on the screen 
Code Substitution 
(CDS) 
Delayed memory Nine symbols and digits appear on top of 
screen; symbol-digit pairings appear on bottom; 
athlete responds to correct pairings 
Memory Search 
(MEM) 
Working memory Participants memorize a string of six letters; 
individual letters then appear on screen; athletes 
must decide whether the letter belongs to the 
original list of letters 
Simple Reaction 
Time (SRT) 2 
Reaction time Similar to Simple Reaction Time 1, conducted 
at end of battery 
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         Table 2: Balance Error Scoring System 
Balance Error Scoring System (BESS) The BESS score is calculated by adding 
one error point for each error attained during the 20-second trials. 
Hands lifted off iliac crests 
Opening eyes 
Stumble, step or fall 
Moving hip into more than 30 degrees of hip flexion or 
abduction 
Lifting forefoot or heel 
Errors 
Remaining out of testing position for more than 5 seconds 
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Table 3: ANAM Results 
PRE POST CHANGE REGRESSION MODEL 
Module 
Mean SD Mean SD Mean SD R2 F P 
SRT 1 234.94 28.35 247.16 33.23 12.40 27.04 0.08 0.68 0.64 
SRT 2 229.69 40.00 239.26 36.18 4.78 33.54 0.02 0.12 0.99 
MTP 24.50 9.22 27.04 12.07 2.22 7.09 0.05 0.41 0.84 
MSP 37.05 12.76 38.50 20.66 1.45 16.75 0.05 0.45 0.81 
PRT 110.77 11.12 114.28 17.67 3.50 15.97 0.11 1.00 0.43 
CDS 52.28 11.48 56.60 17.25 4.31 12.33 0.07 0.59 0.70 
MEM 72.91 17.43 76.83 21.10 3.93 18.75 0.08 0.66 0.66 
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Table 4: SAC Results 
PRE POST CHANGE REGRESSION MODEL Cognitive 
Score Mean SD Mean SD Mean SD R2 F P 
Orientation 5.00 0.00 4.98 0.14 -0.02 0.14 0.06 0.55 0.74 
Immediate 
Memory 14.29 1.06 14.39 0.70 0.10 1.28 0.10 0.87 0.54 
Concentration 4.49 0.77 4.41 0.86 -0.08 0.91 0.01 0.09 0.99 
Delayed 
Recall 4.16 0.90 3.49 1.10 -0.67 1.28 0.27 3.03 0.02* 
Total Score 27.88 1.73 27.27 1.60 -0.61 2.05 0.14 1.32 0.28 
*An asterisk denotes that specific information pertaining to the covariates  
employed in the significant regression model are represented in Model 1 (Table 8) 
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Table 5: SOT Results 
PRE POST CHANGE REGRESSION MODEL 
Balance Score 
Mean SD Mean SD Mean SD R2 F P 
Vestibular 0.73 0.14 0.75 0.13 0.01 0.19 0.19 1.81 0.13 
Somatosensory 0.96 0.03 0.97 0.03 0.01 0.03 0.11 0.96 0.46 
Visual 0.89 0.11 0.89 0.13 0.00 0.15 0.24 2.52 0.04* 
Composite 78.32 8.14 80.29 8.31 1.97 7.25 0.21 2.15 0.08 
*An asterisk denotes that specific information pertaining to the covariates  
employed in the significant regression model are represented in Model 2 (Table 8) 
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Table 6: BESS Results 
PRE POST CHANGE REGRESSION MODEL 
Balance Score 
Mean SD Mean SD Mean SD R2 F P 
Total        
Score 23.22 5.09 17.39 5.08 1.16 4.13 0.33 3.89 0.01* 
*An asterisk denotes that specific information pertaining to the covariates  
employed in the significant regression model are represented in Model 3 (Table 8) 
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Table 7: GSC Results 
PRE POST CHANGE REGRESSION MODEL 
Symptom 
Mean SD Mean SD Mean SD R2 F P 
Headache 0.10 0.47 0.10 0.42 0.00 0.65 0.07 0.61 0.70 
Nausea 0.00 0.00 0.04 0.20 0.04 0.20 0.10 0.85 0.52 
Vomiting 0.00 0.00 0.00 0.00 0.00 0.00    
Dizziness 0.14 0.54 0.00 0.00 -0.14 0.54 0.16 1.52 0.21 
Poor Balance 0.02 0.14 0.04 0.29 0.02 0.32 0.05 0.38 0.86 
Sensitivity to 
Noise 0.00 0.00 0.00 0.00 0.00 0.00    
Ringing in the 
Ear 0.00 0.00 0.02 0.14 0.02 0.14 0.11 1.02 0.42 
Sensitivity to 
Light 0.16 0.69 0.18 0.91 0.02 0.43 0.22 2.23 0.07 
Blurred Vision 0.10 0.51 0.10 0.71 0.00 0.41 0.15 1.43 0.24 
Difficulty 
Concentrating 0.22 0.74 0.88 1.48 0.65 1.16 0.20 2.00 0.10 
Feeling 
Mentally 
Foggy 
0.10 0.51 0.39 1.04 0.29 0.76 0.15 1.36 0.26 
Difficulty 
Remembering 0.22 0.77 0.33 0.90 0.10 0.82 0.17 1.66 0.17 
Trouble 
Falling Asleep 0.81 1.63 0.92 1.74 0.11 1.49 0.09 0.82 0.54 
Drowsiness 0.37 0.97 0.63 1.19 0.27 1.29 0.18 1.76 0.14 
Fatigue 0.43 1.04 1.16 1.77 0.73 1.87 0.19 1.91 0.11 
Sadness 0.12 0.53 0.12 .60 0.00 0.54 0.10 0.85 0.52 
Irritability 0.22 0.94 0.47 1.29 0.24 0.80 0.19 1.85 0.13 
Neck Pain 0.00 0.00 0.47 1.26 0.47 1.26 0.23 2.35 0.06 
Total Severity 
Score 2.99 5.44 5.86 7.96 2.87 4.37 0.22 2.30 0.06 
Total 
Symptom 
Score 
1.16 2.17 2.06 2.23 0.90 1.45 0.28 3.11 0.02* 
*An asterisk denotes that specific information pertaining to the covariates  
employed in the significant regression model are represented in Model 4 (Table 8) 
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Table 8: Significant Predictor Variables 
Model Variable P R2  # Impacts 
# 
Impacts 
>90 g 
Cumulative 
magnitude 
of impacts 
(g) 
# Impacts 
to top of 
head 
# Prev 
Conc 
β -2.39 -0.49 3.00 -0.31 -0.44 
11 
Δ SAC 
Delayed 
Recall 
.02 .27 
P 0.51 0.04 0.04 0.24 0.01 
β 2.90 0.38 -3.04 -0.05 0.44 21 Δ SOT 
Visual 
.04 .24 
P 0.04 0.12 0.04 0.86 0.01 
β -2.01 -0.06 2.63 -0.13 -0.18 32 Δ BESS .01 .33 
P 0.12 0.79 0.07 0.61 0.18 
β 0.62 0.49 -1.16 0.56 -0.20 
42 
Δ Symptom 
Total 
Number 
.02 .28 
P 0.64 0.04 0.43 0.03 0.16 
1 Denotes an improvement in performance with positive change scores 
2 Denotes a decline in performance with positive change scores 
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    Table 9: HIT System Data 
Independent Variables Mean SD Min Max 
Total # Impacts 1185.32 773.96 184 3325 
Total # Impacts >90 g 11.61 10.72 0 56 
Total Cumulative Magnitude Impacts 30171.95 20363.89 4448.80 86583.80 
Total # Impacts to Top 222.09 186.35 26 789 
Total # Previous Concussions 0.34 0.71 0 3 
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APPENDIX H: 
Figures 
 
 
Figure 1: Balance Error Scoring System (BESS)  
Performed on the firm surface (top, A–C) and foam surface (bottom, D–F). 
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Figure 2: Sensory Organization Test (SOT) 
Six testing conditions for Sensory Organization Test used with NeuroCom's Smart Balance Master System. 
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